©
Introduction
According to Alves et al. (2006) , Brazil currently has about 5.2 million hectares of forest plantations, consisting mainly of Pinus and Eucalyptus. Forests planted with Eucalyptus spp. represent about 65.4% of the Brazilian plantations, 31.2% of which are located in the state of Minas Gerais, while Pinus spp. plantations represent about 34.6% and the state of Paraná, with 37% of the total, is the highest-ranking in Brazil. The increasing expansion of reforestation programs, mainly located in the south of the country, has determined the need for the improvement of assessment and protection techniques. Forest fires are a constant concern and their management represents one of the main goals of forest plantation management plans.
Climate directly influences the type and quantity of vegetation and weather conditions determine the levels of humidity present in the air and, consequently, the levels of humidity in the fuel.
Moisture is present in a higher amount in live material and is more stable in comparison to the moisture content in dead material. The latter, being dryer, responds faster to weather variations, and therefore is considered to be the main culprit for the spread of fires. In fact, moisture content of deadwood can vary widely and ranges from less than 2% (rarely) to more than 300%. On the other hand, moisture content of live material is less variable. Indeed, in green leaves, branches and shrubs up to 7 cm in diameter, which usually burn in medium or high intensity fires, moisture content generally ranges from 75 to 150% of its dry weight (Anderson & Brown 1988 , Soares & Batista 2007 .
The probability of ignition is directly related to two basic meteorological parameters: temperature and humidity. The behavior of forest fires is closely related to fuel moisture (Blasi et al. 2004) . Therefore, its determination is basic for the estimation of parameters such as linear intensity, rate of spread and fire propagation, which are related to the behavior of fires. Fuel moisture, not only is a critical factor to obtain good results with prescribed burnings, but also is one of the most important factors in the assessment of forest fires risk in all biomes and ecoregions (Fosberg et al. 1970 , Yebra et al. 2006 , Blasi et al. 2004 .
Fuel moisture content is also the most important parameter for determining fuel flammability and is directly influenced by climate and weather conditions, and may vary rapidly. Living and dead fuels have different mechanisms of water retention and different responses to weather changes (Burgan 1979 , Soares & Batista 2007 .
In the last decade the goal of many research groups throughout the world (e.g., Rothermel 1972 , Burgan & Rothermel 1984 , Andrews 1986 , Bessie & Johnson 1995 and Gould et al. 2007 ) has been the development of methodologies and mathematical functions aimed to quantitatively predict values for the variables related to fire propagation, to achieve a better understanding of the behavior of fires.
So far in Brazil, fuel moisture estimation has been made through direct measurements in the field and in the laboratory. The method consists in weighing the fuel on site (determination of wet weight) and subsequently drying it to its constant weight, consequently determining its water content.
The development of indirect methods to provide estimates of fuel moisture through easy-to-obtain correlated variables, is a faster and more promising way (Batista 1984) . The development of such methods for the determination of fuel moisture could in fact speed up the work for the protection of forest stands.
To develop equations to quantify variables related to fire propagation, parameters such as the rate of spread, the intensity of heat emitted by the fire front and the geometric properties of the fire front (height, length and angle of inclination) are used. Fuel moisture, in this context, is of great importance as it exerts a strong influence on these variables. Satellite remote sensing has also emerged as an advanced technique to provide frequent and high-resolution measurements of forest fuel types and wildfire properties. Recently, great efforts have been made to develop algorithms to estimate fuel moisture using this technology (Chuvieco et al. 2004 , De la Riva et al. 2005 , Aguado et al. 2007 , Wang & Qu 2007 .
The goal of the present work was to test methods, based on meteorological variables, to determine fuel moisture by calculating the degree of correlation between meteorological elements and fuel moisture and by testing the mathematical models describing such relationships.
Materials and methods

Location
The city of Rio Negro is located in the The Experimental Station is an area of approximately 120 ha, created in 1962 to support teaching and research activities carried out at the National School of Forestry. Currently about 50% of the area is covered with forest plantations, 30% with secondary forests voted to permanent preservation and the remaining 20% used for annual crops and pastures (Fig. 1) .
Climate
According to the Köppen climate classification, the climate of the region is Cfb, mesothermal, characterized by the absence of a dry season and by warm summers with four or more months where the average temperature is above 10°C. It is a humid climate with rainfall of the driest month exceeding 60 mm. Summer and winter seasons are well defined, with the average temperature of the hottest month being less than 22° C (Maack 1968 , Longhi 1980 , Peel et al. 2007 ).
According to official information provided by the Agronomic Institute of Paraná (IAPAR), the region of the study area has registered in the last 20 years an average annual temperature of 17 o C, with the coldest month averaging a temperature of 12.6 o C, the hottest month a temperature of 20. Brown & Davis (1973) consider that the main climatic variables influencing fuel moisture are rainfall, relative humidity and temperature. Wind and solar radiation are important factors in the drying process because they modify both the fuel temperature and relative humidity, as well as the temperature in the first layer of air adjacent to the fuel. Meteorological data were obtained using a mini station Brand Kestrel ® model 3000, with temperature accuracy of ±0.1 °C and a measurement range of -20 °C to +60 °C, according to manufacturer's information. The values of relative humidity have an accuracy of ±3%, and may be calibrated on the field. The above equipment was installed in a beacon, at a height of 1.50 m.
Meteorological data
Sampling and statistical analysis
To determine fuel moisture two distinct sampling methodologies were used. In the first method (01M) samples consist solely of surface fuel, which plays a critical role in the ignition and spread of fires (Nelson 2001) . Samples were collected in plastic baskets carefully avoiding any alterations in the structure of the fuel material, and left on the same place. Plastic baskets were made of screens (mesh of ±7 mm), 25x40 cm in size and about 10 cm high (Fig. 2) . After putting them in baskets (Fig. 3) , fuel samples were weighed on site two hours later, and weighing repeated on the same samples approximately every two hours. This series of measurements was performed from the 28/03/2007 at 15h30 to the 30/03/2007 at 08h00, resulting in 20 periods measured with 240 observations. The second method (02M) consist in collecting needle samples (surface fuel) directly from the forest floor at intervals of approximately two hours (Fig. 3) . The material collected was packaged in labeled paper bags and weighed (determination of the wet weight). The samples were then transported to the Forest Fire Laboratory at UFPR and dried in an oven at 75 °C for 48 hours, to determine their dry weight. The same procedure was performed on the samples collected in baskets: each sample (01M) was packaged in labeled paper bags, and the same procedure for the determination of the dry weight was followed. Lopes et al. (2006) , in stands of Pinus pinaster and Eucalyptus globulus used sample sizes of about 50 grams. Gonçalves et al. (2006) , with the same species, used 
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sample sizes of 30 grams. However, due to the scarce variability of the moisture content over the analyzed periods, using small sample sizes can generate greater error because small variations in fuel moisture cannot be detected. Therefore, for both the above methods samples of 200 grams were taken.
Fuel moisture content (FMC) was determined from the difference between the wet weight (Mf, measured in the field) and the dry weight (Mo, obtained in laboratory), as follows (Desbois et al. 1997 , Viegas et al. 2004 ):
Before adjusting the equation, a normality test was conducted on the variables. Saglam et al. (2006) , in a similar study on Pinus brutia and Pinus nigra, applied a logarithmic transformation of the fuel moisture data, while in the present study data showed a homoscedastic normal distribution, and no transformation was necessary.
To model the relationship between the meteorological variables and fuel moisture, several different approaches and equations have been tested (eqn. 1-9):
where FMC is the fuel moisture contents, T is the air temperature (°C), RH is the air relative humidity (%), W is the wind speed (m s -1 ), Ln is the natural logarithm, and b0, b1, b2 and b3 are the regression coefficients to be estimated.
Results and Discussion
The starting dataset included 240 observations obtained using the first method (plastic baskets) and 84 observations using the second (samples independently collected). During the period of collection, the wind speed ranged from 0.0 to 0.6 m s -1 , the relative humidity from 49 to 98%, the temperature from 19.1 to 29.7ºC and the fuel moisture content between 6.18 and 37.02% (Tab. 1). Fig. 4 displays how relative humidity (RH), air temperature and fuel moisture content of the collected samples (FMC) varied during sampling operations applying both methodologies described above. Graph A represents the first sampling method (01M) and graph B the second method (02M).
Graph B demonstrates that 02M presents a better relationship between the variables analyzed, whereas a remarkable divergence is noticeable at the end of the analysis using the method 01M (Fig. 4A) . The above trend is confirmed by the correlation coefficients analysis reported in Tab. 2. On the other hand, a better correlation between weather variables and FMC was found using method 01M in respect to method 02M (Fig. 4C and Fig. 4D, respectively) .
The strength of the relationships between the different variables analyzed is reported in Tab. 2. In general, a significant correlation between FMC and other weather parameters was found. The highest correlation between FMC and air temperature was obtained with the method 01M (-0.452), while the best correlation between FMC and RH was obtained using method 02M (0.809). It is interesting to note that the correlation between FMC and air temperature obtained in this experiment is similar to the one obtained by Saglam et al. (2006) , in a study conducted in Turkey (r = -0.738). The regression models tested for the prediction of fuel moisture content based on weather conditions parameters are reported in Tab. 3. Based on both the coefficient of determination and the standard error of the estimates obtained from the regression analysis, the adoption of the sampling method 02M produced a best fit, providing therefore better predictions of the FMC.
For both sampling methods, the best fitting was observed applying regression models including temperature and wind speed as predictors (FMC = b0 + b1·T + b2·W), with an R² of 0.47 and 0.86 and standard errors of 14.9 and 8.74% for the first and the second method, respectively (Tab. 3). Dimitrakopoulos et al. (2006) , in a study on Mediterranean forests carried out in Greece, developed a model based on regression analysis to describe the relationship between ignition time and moisture content. The simple linear regression model provided the best fitting, with coefficients of determinations ranging between 0.70 and 0.97.
Conclusions
In this study, it was observed that method 01M, which uses the same fuel samples packaged in plastic baskets to determine moisture content at regular time intervals (through the differences in their weight), was not efficient to determine the relationship between FMC and weather condition parameters. This is probably due to the procedure, which can generate great changes in the original arrangement of the sampling materials. Moreover, the weighting process requires the continuous manipulation of the samples, contributing to a faster loss of their moisture content and reducing the response time for moisture absorption. The adoption of this method, therefore, makes predictions of FMC based on weather conditions parameters unreliable.
Based on the results obtained in this study, the second methodology (independent samples collected at pre-determined intervals of time) has to be preferred for the proposed goals, showing better results for assessing the actual fuel moisture content. Moreover, a stronger relationship was found between weather condition parameters and FMC estimated by method 02M. Therefore, the use of meteorological parameters for the prediction of FMC (which is one of the most important factors related to fire propagation) could greatly improve fire risk assessment, as well as the work of the technicians responsible for fire fighting in the area.
The present study was carried out over only one season (end of summer) with high fire severity regime. In order to improve our understanding of the behavior of FMC as a function of the meteorological variables, further studies covering the whole year are needed, with the aim of developing a reliable set of predictors and indicators useful in fire risk assessment and control. 
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